D e p a rtm e n t o f C hem istry, T he U niversity o f N ew castle, N ew South W ales, 2308, A u stra lia Z . N atu rfo rsch . 39b, 7 4 -7 8 (1984); received A ugust 9, 1983 4 ,4'-B ipyridinium T e tra q u a te rn a ry Salts, R e d u ctio n P o te n tia ls, D iradical D ications Six r,l" -a lk a n e d iy l-b is (r-a lk y l-4 ,4 '-b ip y rid in iu m ) te tra q u a te rn a ry salts have been p re p are d and th e ir red u ctio n an d redox p ro p e rtie s stu d ied by p o laro g ra p h y and cyclic vo ltam m etry . T hey are re d u ce d to radical tricatio n s and diradical d ications at p o ten tials (E 0) o f a b o u t -0.20 V and -0.35 V , respectively.
There has been considerable interest in the revers ible one electron reduction of 1 ,1 '-dialkyl diquater nary salts of 4,4'-bipyridine (1; R = alkyl) to highly coloured stable radical cations (e.g. 2 ; R = alkyl) in aqueous solution. This property of participating in electron transfer and redox reactions has resulted in salts of this type having a wide variety of uses. The salt (1; R = Me) is the well known herbicide para quat [1] . The salts are also used as one electron re duction indicators in biological systems under the name viologens [1 ] , as the main com ponents of electrochrom ic memory display devices (e.g. [1] [2] [3] ) and as catalysts for the photolysis of w ater (e.g. [2 , 4 -7 ] ).
Closely related to the diquaternary salts (1) are tetraquaternary salts of type (3; R = alkyl) where m ethylene groups connect two 4,4'-bipyridinium moieties. T etraquaternary salts of this type were first reported in the patent literature in connection with work on the herbicide paraquat [8 ] but the com pounds isolated, l,l"-(l> 2 -ethanediyl)-bis(l'-m ethyl-4,4'-bipyridinium ) dibromide dichloride (3; R = CH 3, n = 2) and l,l"-(l,3 -p ro p an ed iy l)-b is(l'-m ethyl-4,4'-bipyridinium ) tribrom ide chloride (3; R = CH 3, n = 3), had mixed anions associated with the tetracation and were not fully authenticated.
Since then tetraquaternary salts of type (3; R = al kyl), especially l,l"-(l,4-butanediyl)-bis(l'-ethyl-4,4'-bipyridinium ) salts (3; R = E t, n = 4), have been patented as reversibly reducible redox systems for electrochrom ic display devices [9 -11] and some * R ep rin t req u ests to D r. L. A . Sum m ers. 0 3 4 0 -5087/84/0100 -0074/$ 01.00/0 of the electrochemical properties of (3; R = E t, n = 4) and (3; R = P h -C H 2, n -4) have been de scribed [12] . The one-and two-electron photoreduc tion of the tetraquaternary salts by 2 -propanol has also received attention [13, 14] and some related types have been studied in connection with redox active m em branes [15] . In view of the importance and current interest in these salts we now report the preparation and full authentication of the six tetra quaternary salts (3; R = Me, n = 2), (3; R = Et, n = 2), (3; R = Me, n = 3), (3; R = E t, n = 3), (3; R = M e, n = 4) and (3; R = E t, n = 4) as their tetraperchlorates and the results of a study of their reduction potentials by polarography and of their re dox properties by cyclic voltammetry. The three diquaternary salts l,l"-(l,2-ethanediyl)-bis-4,4'-bipyridinium (4, n = 2), l,l"-(l,3-propanediyl)-bis-4,4'-bipyridinium (4, n = 3) and 1,1"-(1,4-butanediyl)-bis-4,4'-bipyridinium (4, n = 4) were prepared as their dibromides by reaction of 4,4'-bipyridine with 1,2-dibromoethane, 1,3-dibromopropane and 1,4-dibrom obutane, respectively, in dimethylform am ide (cf. [13, 14] ). The diquaternary salts were authenticated by their elemental analysis and NM R spectra.
The diquaternary salt (4, n = 2) as the dibromide was converted into the tetraquaternary salts 1 ,1 "- R = E t; n = 4). The six tetraquaternary salts were authenticated by microanalysis and NM R spectra. They were stable in aqueous solution up to at least pH 10 .0 (U V evidence) but decomposed in strongly alkaline solutions.
The six tetraquaternary salts (3; R = Me, n = 2), (3; R = E t, n = 2), (3; R = Me, n = 3), (3; R = E t, n = 3), (3; R = M e, n = 4) and (3; R = E t, n = 4) as their tetraperchlorates were each examined by di rect current polarography at the dropping mercury electrode in aqueous buffer solutions in the pH range 2 .6-8.8 with diquat dibromide (5) as reference. Diquat dibrom ide is well-known [1] to be reduced by two distinct one electron reduction steps to give first ly the radical cation (6) at E 0 = -0.35 V and then the neutral species (7) at about E 0 = -0.75 V. The form er reduction potential is pH independent and the latter pH dependent. The salts (3; R = Me, n = 4), (3; R = E t, n = 4), (3; R = Me, n = 3) and and then diradical dications of type (9, n = 3 or 4).
R-N N ----------(C H 2) n ----------N
A t the higher pH values a third wave was observed at lower potential (~E 0 = -0.75 V) which corres ponded approxim ately to a two-electron reduction wave presumably due to the further reduction of (9, n = 3 or 4) to the neutral species (10, n = 3 or 4) by way of (11, n = 3 or 4). The potential of this wave was pH dependent. By way of comparison paraquat . Interestingly with the te tra quaternary salts (3; R = M e, n = 2) and (3; R = E t, n = 2) where the two 4,4'-bipyridinium moieties are separated by only two methylene groups the two one-electron waves analogous to those observed with the salts (3; R = M e, n = 4), (3; R = E t, n = 4), (3; R = M e, n -3) and (3; R = E t, n = 3) merged to give a single two-electron reduction wave inde pendent of pH and concentration at a half-wave po tential (E0) of -0.27 V for (3; R = M e, n = 2) and -0.29 V for (3; R = E t, n = 2) due to the form a tion of the diradical dications (9, n = 2). This differ-ence in behaviour is presum ably due to the fact that the two 4,4'-bipyridinium moieties in (3; R = Me, n = 2) and (3; R = E t, n = 2) are in similar envi ronm ent and are reduced at the same potential whereas with the presence of more methylene groups in the bridge the two 4,4'-bipyridinium moieties in the salts (3; R = M e, n = 4), (3; R = E t, n = 4), (3; R = M e, n = 3) and (3; R = E t, n = 3) are no longer in identical environm ents due to steric and conform ational factors and are consequently reduced at slightly different potentials. The salts (3; R = Me, n = 2) and (3; R = E t, n = 2) also gave a second two-electron reduction wave at lower potential ( '-----0.70 V) due to the form ation of the neutral species (10, n = 2). The half-wave potential of this second wave was, as expected, pH dependent. Typi cal polarogram s by way of illustration are given in Fig. 1 for the salts (3; R = M e, n = 2) and (3; R = E t, n = 4) as their tetraperchlorates with diquat dibromide (5) included for comparison.
In agreem ent with the polarography experim ents all six tetraquaternary salts gave intense violet colo rations in aqueous solution on treatm ent with zinc dust almost certainly due to the form ation of the Applied voltage against standard calomel electrode diradical dications of type (9) since with this reducing agent it is difficult to stop the reduction of the tetra quaternary salts after the uptake of only one elec tron. This behaviour is analogous to that of paraquat (1; R = Me) and diquat (5) The diquaternary salt (4, n = 2) (3 g) was heated
with an excess of methyl iodide ( 1 0 ml) in dimethyl formamide (100 ml) at 90 °C for 12 h. The te tra quaternary salt which precipitated was collected and added to a solution of lithium perchlorate (5 g) in w ater ( 1 0 0 ml) at am bient tem perature whereupon the tetraquaternary salt as the tetraperchlorate p re cipitated. It was crystallised from water to afford pale brown crystals, m .p. > 300 °C (yield 70%). Furue and N ozakura [14] reported this com pound but gave no m .p. or NM R spectrum. 
